INTRODUCTION
============

Optical nanoantennas have the ability to establish efficient links between localized optical near fields and propagating light fields ([@R1]). They provide a promising pathway toward a range of advanced light manipulation capabilities, including directional scattering ([@R2]--[@R4]) and emission ([@R5]--[@R7]) of light, polarization conversion ([@R8], [@R9]), and plasmonic-assisted fluorescence enhancement ([@R10]--[@R12]). Although most research on optical nanoantennas has concentrated thus far on the interaction with free space propagating light waves, research targeting their use with guided-wave optics remains sparse. A promising avenue envisions functional plasmonic elements integrated with low-loss dielectric optical waveguides, aiming to create a fundamentally new link between electronic and photonic circuits ([@R13], [@R14]). Along these lines, several waveguide-integrated plasmonic structures were previously suggested, including plasmonic photodetectors ([@R15]--[@R19]), modulators ([@R20], [@R21]), and plasmonic amplifiers ([@R22]), but these did not take advantage of the possibilities offered by nanostructuring. Nanostructured optical antennas offer additional opportunities because of their resonant optical response, which can be tailored by geometry. They can enable extreme control of their scattering strength and directionality, depending on the properties of the exciting optical wave, such as frequency, polarization, and direction. This has been used in structured plasmonic film waveguides to selectively excite surface plasmons ([@R23]--[@R28]). Furthermore, excitation of localized modes of nanoantennas through low-loss waveguides and controlled scattering into free space has been demonstrated in several previous works ([@R29]--[@R33]). This makes waveguide-integrated nanoantennas ideal candidates for ultra-compact optical couplers to mediate selective energy transfer between modes of different guided-wave structures, for example, from optical fibers ([@R34]) or free space ([@R35]) to on-chip integrated structures. First attempts to use nanoantennas as directional waveguide couplers have been explored recently ([@R36]--[@R42]). Their use can add a completely new dimension to the functionalities of on-chip devices and may ultimately increase the integration density and performance of photonic chips.

A question to answer for on-chip nanoantenna devices is to what extent complex functionalities can be realized on optical chips with control parameters and settings compatible to telecom data streams. In general, when designing optical couplers for signal manipulation, the aim is to uniquely connect a certain set of the eigenmodes in the exciting optical system with a defined subset of the modes in the target system to rout signals according to their spectral, spatial, or polarization properties. Ideally, there should be a one-to-one correspondence between the addressed modes in the exciting and the target system. For telecom applications, which mainly use single-mode waveguides, control parameters for routing are typically the wavelength and linear polarization of the signal modes, which have to be coupled to modes with specific propagation directions and polarization. Mode selectivity based on the wavelength of incident light was already demonstrated ([@R42]); however, the necessary difference between the usable wavelengths is very large due to the large bandwidths of the used antenna, making this control parameter impractical for telecom applications, which use closely spaced wavelength channels. Other demonstrations used a tunable array of several nanoantennas to couple a propagating waveguide mode to free-space modes with different propagation directions ([@R37]) or circularly polarized light for coupling to slab waveguides ([@R38], [@R39]). These approaches are not ideally suited for telecom applications because they need multiple spatial modes to realize different propagation angles or circularly polarized light, respectively. Here, we demonstrate for the first time selective coupling of modes of different linear polarization to modes of specific polarization and propagation direction in a rib silicon waveguide (see [Fig. 1](#F1){ref-type="fig"}). In this way, we realize a highly compact integrated device for polarization and mode (de)multiplexing, which could enable a significant increase of channel capacity in integrated optical communication systems. Although we specifically investigate coupling from free space to a waveguide, our concept can be readily applied to the coupling between two waveguides.

![Scheme of a waveguide-integrated plasmonic nanoantenna for mode-selective polarization (de)multiplexing.\
The device couples light of orthogonal polarizations into different directions and modes of the underlying silicon waveguide.](1700007-F1){#F1}

Strikingly, although most integrated optical applications require the manipulation of high-frequency modulated telecom data streams, the application of waveguide integrated nanoantennas for these applications has not yet been demonstrated. Using the developed nanoantenna, we here show experimentally that on-chip nanoantennas with complex functionality do not affect the quality of typical telecom data streams with 10-GHz signal modulation. The measured low distortion to the transmitted data streams instantly enables applications in integrated data transmission systems, where polarization multiplexing and coherent polarization-state detection are used to improve the data transmission capacity ([@R43], [@R44]). Our results show that plasmonic nanoantennas can preserve their functionalities when transferred onto a dielectric waveguide platform and that they are very well suitable for high-frequency on-chip signal processing at telecommunication wavelengths. This makes them a plasmonic key element for on-chip optical data processing that can also be used as a functional link between on- and off-chip optical signals.

RESULTS
=======

Antenna design
--------------

Because we aim to couple light from free space to specific modes of a dielectric waveguide ([Fig. 1](#F1){ref-type="fig"}), we need to develop a nanoantenna that couples each of the two polarization modes of free space to one of the four possible waveguide modes \[forward/backward-propagating and transverse electric (TE)/transverse magnetic (TM)--polarized\]. In the design process, we will optimize two quantities, namely, the polarization selectivity and the directivity of our nanoantennas. The polarization selectivity is defined as the ratio of the optical powers coupled to the waveguide mode with the desired polarization and coupled to the mode with the other polarization. Similarly, the directivity is defined as the ratio of the powers coupled in both propagation directions.

In the first step, we numerically design a polarization-sensitive gold nanoantenna that can couple horizontally (*x*-) polarized incident light from free space to the TM mode of the underlying silicon waveguide ([Fig. 2A](#F2){ref-type="fig"}) and a second one that couples vertically (*y*-) polarized incident light to the TE mode ([Fig. 2B](#F2){ref-type="fig"}). In addition to this, the two antenna designs should support unidirectional waveguide coupling to selectively guide the light into a specific direction. The TM antenna shown in [Fig. 2A](#F2){ref-type="fig"} consists of two horizontally aligned (along the *x* axis) gold nanorods of different lengths (*l*~TM1~ = 190 nm and *l*~TM2~ = 140 nm; *w*~TM~ = 40 nm; *h*~TM~ = 40 nm) that are displaced by a center-to-center distance of 195 nm with respect to each other in the *x* direction. Because of the orientation of the two elements, the TM antenna can only be excited by horizontally polarized light. The radiation of both elements is only coupled to the TM mode of the waveguide, and the polarization selectivity for the TM antenna is 292. The two gold nanorods of different sizes have different resonance wavelengths. Consequently, for in-phase excitation of the two elements, they will resonate with a particular phase offset, which depends on their length difference and the excitation wavelength. The larger element has the larger phase delay with respect to the driving field because it has the lower resonance frequency. Consequently, for light scattered by the two elements in the direction of the larger element, the phase offset between the two elements is reduced by the propagation phase acquired by light traveling from the smaller element to the larger one, thus leading to constructive interference. In contrast, in the opposite direction, the pickup of propagation phase increases the phase mismatch for light scattered by the two elements, resulting in destructive interference. Therefore, the TM antenna enables unidirectional waveguide coupling of horizontally polarized incident light to the right-hand side and into the TM mode of the waveguide with a directivity of 45. Following the same reasoning, the TE antenna ([Fig. 2B](#F2){ref-type="fig"}) enables unidirectional waveguide coupling of vertically polarized incident light to the left-hand side and into the TE mode of the waveguide. However, in contrast to the TM antenna, the TE antenna is composed of two vertically aligned (*y* direction) nanorods (*l*~TE1~ = 180 nm and *l*~TE2~ = 144 nm; *w*~TE~ = 60 nm; *h*~TE~ = 40 nm that are displaced by a center-to-center distance of 130 nm with respect to each other in the *x* direction. The center-to-center distance between two pairs of nanorods in the TE antenna is 260 nm in the *y* direction. The mode selectivity value for the TE antenna is 53, and its directivity is again 45.

![(**A**) Numerical design of the nanoantenna coupling *x*-polarized light into the TM mode of the waveguide to the right (TM antenna). The electric field distribution (color-coded arrows) in a cutting plane on the right-hand side of the nanoantenna (blue dashed line) shows that the light is coupled to the TM mode. (**B**) Corresponding design of the TE antenna coupling light to the left-hand side into the TE mode. (**C** and **D**) Spectrally resolved directivities of the TM antenna coupling to the right and the TM antenna coupling to the left, respectively.](1700007-F2){#F2}

Having established these basic nanoantenna elements, which allow for mode-selective and directional waveguide coupling, we now use this toolbox to design an integrated plasmonic nanoantenna device that allows for on-chip polarization (de)multiplexing. To achieve a clear separation of the polarization-encoded optical signals, we take the abovementioned TM and TE antennas, which support directional waveguide coupling in opposite waveguide directions, and combine them in one nanoantenna design, as shown in [Fig. 3A](#F3){ref-type="fig"}. The combined nanoantenna then couples horizontal polarization (linear *x* polarization) to the right-hand side into the TM mode and vertically polarized light (linear *y* polarization) to the left-hand side into the TE mode ([Fig. 3B](#F3){ref-type="fig"}) of the waveguide with a directivity of approximately 20 toward the left and approximately 55 toward the right side, respectively, at 1550-nm wavelength ([Fig. 3C](#F3){ref-type="fig"}). The directivity shows a resonance at 1550 nm, with a full-width-at-half-maximum width of around 50 nm. This bandwidth is large enough to cover the C telecommunication band used in commercial systems. The coupling efficiency in our simulation was 4% (5%) for coupling to the TM (TE) waveguide modes. Here, we focused on optimizing the directivity and did not aim to increase the efficiency. In all calculations, the silicon waveguide has a height of 220 nm and a width of 600 nm. The whole device is embedded in an effective medium with a refractive index of *n* = 1.46, corresponding to the poly(methyl methacrylate) (PMMA) cladding layer in the experiment.

![(**A**) Design of the combined TE-TM nanoantenna coupling *x*-polarized light to the right (blue dashed line) into the TM mode and *y*-polarized light to the left (red dashed line) into the TE mode of the waveguide. (**B**) Corresponding electric field plots. (**C**) Right-to-left (left-to-right) ratio for directional coupling *x*-polarized (*y*-polarized) incident light with a maximum at around 1550-nm wavelength.](1700007-F3){#F3}

We note that, in addition to the polarization-demultiplexing functionality of the combined nanoantenna for free-space excitation, this design can also be used as a waveguide-to-waveguide interconnect ([@R41]). In this case, the device acts as a (TE-TM) mode (de)multiplexer, that is, separating information encoded in different waveguide modes. Hence, our nanoantenna can serve both as an ultra-compact bridge between free-space and on-chip photonic circuitry and as an integrated waveguide interconnect.

Polarization and mode selectivities
-----------------------------------

In the next step, we fabricate all three nanoantennas on a silicon waveguide and investigate their directional coupling properties. To demonstrate the corresponding functionalities of the three integrated nanoantennas, in the following, we will provide evidence for the key elements of our devices---the directional waveguide coupling, the polarization-dependent selective mode coupling, and the compatibility with high-frequency modulation. To do this, we fabricate two nominally identical sample batches. In the first measurement, we detect the radiation that is coupled to the respective waveguide directions for the two orthogonal linear polarizations of the incident light. For this purpose, small gold gratings are processed onto the waveguides of one sample in a distance of approximately 10 μm to the left and to the right of the nanoantennas (see [Fig. 4A](#F4){ref-type="fig"}). By imaging the light that is coupled out by the gratings with an InGaAs charge-coupled device (CCD) camera, we can estimate the directivity of the three antennas depending on the polarization of the incident light (see [Fig. 4](#F4){ref-type="fig"}, B to D) by optimized gratings, which has a similar diffraction response both for the TM and TE modes. Our measurements shown in [Fig. 4B](#F4){ref-type="fig"} (4C) confirm that the TM (TE) antenna couples horizontally (vertically) polarized light to the right-hand (left-hand) side of the waveguide, with maximum directivity toward the left (right) of 4.0 (3.7). [Figure 4D](#F4){ref-type="fig"} shows the results for the combined mode--demultiplexing nanoantenna and experimentally confirms the polarization-demultiplexing functionality; in particular, it shows that, for horizontal polarization, the incident light is coupled to the right, and for vertical polarization, the incident light is coupled to the left. The measured directivities for horizontal and vertical polarization are around 3.3 and 3.7, respectively. The experimentally obtained values are somewhat smaller than expected from the simulations. This is due to small fabrication inaccuracies, which inhibit the needed destructive interference in the direction where propagation should be suppressed.

![(**A**) Scanning electron microscope (SEM) images of a setup configuration for measuring the coupling ratios of the three nanoantennas shown in (**B**) (TM antenna), (**C**) (TE antenna), and (**D**) (TE-TM antenna). The nanoantennas are placed in the center (red square) between two gold gratings that are used as output ports (yellow squares) to detect the radiation coupled to the right-hand side and to the left-hand side of the waveguide. (B to D) SEM images (top row) of the fabricated antennas and the intensity plots at the left and right output ports detected on the infrared (IR) camera (second row) for *x* and *y* polarization of the incident light at 1550-nm wavelength.](1700007-F4){#F4}

The same measurement arrangement was used to measure the coupling efficiencies, that is, the ratio of detected light intensity through the waveguides and the intensity of the incident light beam, and we found values of 3.6% (3%) for coupling to the TM (TE) waveguide modes, respectively. Notably, these efficiencies are achieved for nanoantennas that are a factor of 3 smaller than the wavelength of the incident light and, therefore, a factor of 3 smaller than the diffraction-limited spot size. As a result, only a small fraction of the incident light interacts with the antenna, resulting in a limited coupling efficiency.

In the second experiment, we provide evidence for the mode-selective coupling properties of the integrated nanoantennas. To this end, we use the second set of nominally identical samples but without the gratings on top of the waveguide. We image the waveguide facet on either side of the cleaved sample with a CCD camera and use a polarizing beam splitter to discriminate between the TE and the TM mode of the waveguide. We then detect the emerging light intensity in both waveguide modes depending on the polarization of light incident on the nanoantenna in the middle of the waveguide. These results are shown in [Fig. 5](#F5){ref-type="fig"}. For the TM (TE) antenna, we detect the signal on the right (left) waveguide facet, whereas for the combined antenna, we measure on both sides. Our results presented in [Fig. 5A](#F5){ref-type="fig"} (5B) show that for the TE (TM) antenna, vertical (horizontal) polarization is coupled to the TE (TM) mode of the waveguide and is propagating in the directions expected from the measurements presented in [Fig. 4](#F4){ref-type="fig"}. For the combined nanoantenna, we measured the polarization-dependent light intensity for both modes and both directions. These results are plotted in [Fig. 5](#F5){ref-type="fig"} (C and D) and show that the vertical polarization of light is coupled to the left in the TE mode and the horizontal polarization is coupled to the right in the TM mode, respectively.

![(**A**) Detected light intensity at the left end of the (cleaved) waveguide with the TE antenna in the center for different polarization angles of the incident light (also indicated as green arrows for the main polarization directions). The light intensity in the TE mode and the TM mode of the waveguide is separated by a polarizing beam splitter in the detection part of the setup and plotted in red and blue, respectively. For vertical polarization at 90° (corresponding to *y* polarization), the intensity in the TE mode is at its maximum. (**B**) Detected light intensity at the right end of the (cleaved) waveguide, with the TM antenna on top. Here, we find an intensity maximum for horizontal polarization (0/180°, *x* polarization) in the TM mode. (**C** and **D**) Corresponding plots measured at both the left (C) and the right (D) waveguide end for the combined TE-TM antenna, confirming the coupling of *y*-polarized (*x*-polarized) light to the TE mode (TM mode) to the left (right).](1700007-F5){#F5}

High-speed signal transmission
------------------------------

Having experimentally demonstrated the mode-selective directional waveguide coupling and the polarization-(de)multiplexing capabilities of our waveguide-integrated nanoantenna, we finally investigate the suitability of our integrated plasmonic system for high--bit rate signal transmission, which is required for telecommunication applications. Although fundamentally the maximum modulation frequency is only limited by the plasmon decay time, which is on the order of tens of femtoseconds (corresponding to terahertz modulation frequencies), we want to explore the performance of our devices in terms of signal quality at 10-GHz modulation frequency. The most important characteristic of a digital transmission link with this regard is the bit error rate (BER) of the system, that is, the probability of incorrect bit identification by a decision circuit. Usually, BERs of 10^−12^ to 10^−15^ are achieved for telecommunication links after forward-error correction ([@R45]). To characterize the components used in a transmission link, the BER penalty is used, describing the change in the BER introduced by the component under test, when compared to an element that introduces a similar amount of optical loss without distorting the signal ([@R46]).

To determine the effect of our nanoantenna on the BER of a typical telecommunication signal, we set up a transmission link for an optical signal modulated with 10 GHz generated by a standard pseudorandom bit sequence generator (PRBS). This optical input is coupled to the TM antenna, which exhibits the best polarization selectivity, collected from the output of the waveguide, reamplified, and then analyzed using a sampling oscilloscope. With this setup, we measure the characteristic eye diagram of the received signal (see [Fig. 6A](#F6){ref-type="fig"}) and extract the probability density function for the detection of logical ones and logical zeros ([Fig. 6B](#F6){ref-type="fig"}) for several input powers. The evaluation of the latter finally gives us the decision threshold *x*~0~ and the BER of the system under the current conditions ([@R46]), plotted with the red dots in [Fig. 6A](#F6){ref-type="fig"} as a function of the received power. To fully quantify the influence of the nanoantenna on the transmission link, we compare the BER of the signal transmitted through the sample with the signal transmitted through an optical attenuator with the same transmission. The measured BERs for this case are plotted with black squares in [Fig. 6C](#F6){ref-type="fig"}. From these results, we can see that the plasmonic nanoantenna does not introduce any noticeable BER penalty into the transmission link and hence is well suited to be used for telecommunication applications, such as coherent detection, which requires splitting the signal in two polarizations before mixing these with the local oscillators.

![(**A**) Measured eye diagram for the TM antenna at 10-GHz modulation frequency. The blue-shaded area is used for the statistical evaluation of the signal and the calculation of the BER. (**B**) Probability density function for the detection of a logical one and zero and the Gaussian fitting used to determine the decision threshold *x*~0~ and to calculate the BER. (**C**) Evaluated BER of the transmission link with the nanoantenna (red dots) and without antenna (black squares) for a series of received powers at the detector. As seen, the two data series are almost identical; therefore, the measured BER is not influenced by the antenna.](1700007-F6){#F6}

DISCUSSION
==========

In conclusion, we have designed and characterized plasmonic nanoantennas integrated on silicon waveguides that allow for polarization-dependent, mode-selective, and directional waveguide coupling at 1550-nm wavelength. We experimentally confirm these properties and, furthermore, demonstrate by analyzing an optical signal with 10-GHz modulation frequency that the waveguide-integrated nanoantennas are suitable for on-chip telecommunication applications because of their low BER penalty. Using these ultra-compact hybridized antennas, we finally realize an on-chip polarization-(de)multiplexing device that can be deployed either as a functional link between free-space signals and on-chip optical circuitry or as a functional element connecting two optical waveguides. In the latter case, the integrated nanoantenna can serve as a mode demultiplexer. Hence, our polarization- and mode-(de)multiplexing plasmonic nanoantennas provide a set of ultra-compact integrated functional elements for on-chip optical circuitry. However, to realize complex circuits involving many plasmonic nanoantennas, the efficiencies of these devices have to be increased. This can be achieved by optimizing the antenna shape so that the mode overlap between the localized resonance modes and the waveguide modes is increased while maintaining the high directionality. Such multidimensional optimization of nano-optic elements was already demonstrated for other applications ([@R47], [@R48]). This optimized device could also be applied for future applications in integrated quantum optics, where polarization is an important degree of freedom used to create entanglement ([@R34]).

MATERIALS AND METHODS
=====================

Numerical calculations
----------------------

For the numerical calculations, we used the finite element frequency domain solver of the software package CST Microwave Studio. We first calculated and optimized the properties of a single-mode waveguide made from silicon, resulting in a waveguide width of 600 nm and a height of 220 nm. The refractive index of silicon was assumed to be 3.5 at 1550-nm wavelength. The waveguide was placed on a glass substrate with a refractive index of 1.45 and embedded in a PMMA cladding layer with a refractive index of 1.46. This configuration then resulted in an effective index for the TE and the TM mode of 2.98 and 1.99, respectively. In the second step, we used two orthogonal linear polarizations of light to excite the antennas, which were placed on top of the silicon waveguides, and optimized the nanoantenna dimensions to achieve optimum directional coupling ratios, mode selectivity values, and coupling efficiencies. Last, we designed the gold gratings that enable the detection of the coupled light for the front-to-back ratio and the directional coupling measurements. For this purpose, we used the averaged effective wavelength at 1550 nm of the TE and the TM mode as the grating period, which is about 650 nm. The width of each gold stripe is 200 nm, and the thickness is 40 nm.

Sample fabrication
------------------

To fabricate nanoantenna waveguide samples, we performed a three-step electron-beam lithography (EBL) process on a silicon on insulator (SOI) wafer (220-nm top silicon thickness, 2-μm buried oxide thickness). In the first step, we fabricated the single-mode silicon waveguides. First, we spin-coated ZEP520A resist and then performed FBMS (fixed-beam moving-stage) mode EBL. After the electron beam exposure, development was performed using cold ZEP developer, followed by a rinse in isopropanol. Using the developed resist as an etch mask, we applied the ICP (inductively coupled plasma) etching process using CHF~3~ and SF~6~ as etching gases. The remaining resist was removed by using oxygen plasma. In the second EBL step, we fabricated alignment markers around each of the waveguides. Therefore, we spin-coated the PMMA950 resist. After electron beam exposure and consecutive development of the resist, we deposited a 30-nm Au film by using electron-beam evaporation and performed a lift-off procedure in hot acetone. In the third EBL step, we repeated this procedure to fabricate the gold nanoantennas on top of the waveguide. To place them with nanometer precision on top, we used the alignment markers from the last fabrication step. Last, we spin-coated a layer of PMMA950A as a cladding layer for the antenna waveguide system.

High-frequency measurement setup
--------------------------------

In the optical modulation tests, a typical prototype of a fiber optic telecommunication line, as described by Kharitonov *et al*. ([@R46]), was used. The optical signal was generated from the transmitter part, and the signal was guided by an optical setup to the sample. Last, the output signal from the sample was collected and analyzed in the receiver part. In the transmitter part, we used an Anritsu MP1701A pulse pattern generator to generate a PRBS electrical signal, which drives a JDS Uniphase Mach-Zehnder modulator to get an optical PRBS. The resulting modulated optical signals were amplified by a Manlight erbium-doped fiber amplifier (EDFA) to a power of 100 mW. Before exciting the plasmonic nanoantennas on the waveguides, we introduced a linear polarizer and a half-wave plate to adjust the polarization state of incident light. In the receiver part, we used a lensed fiber to collect light emerging at the end of the silicon waveguide. The light from the lensed fiber passed through another EDFA to amplify the optical signal from the device output. To control the received power, the amplified signal was then again attenuated by a variable optical attenuator. The optical signals were converted into electronic signals with an HP 11982A Lightwave converter. Last, the electronic signal was detected and analyzed by an HP 83480A digital communications analyzer.

Coupling ratio measurement setup
--------------------------------

The nanoantenna directional coupling measurements were performed using a self-made reflection setup. In this setup, a 1550-nm continuous-wave laser was focused on the nanoantenna with a Mitutoyo 100X NIR objective (numerical aperture, 0.7). Light outcoupled from the waveguide by the gratings on either side of the nanoantennas was collected with the same objective. A beamsplitter then deflected the reflected light onto a Xenics InGaAs IR camera. The polarization of the incident light was controlled by a half-wave plate positioned after the laser beam collimator.
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